This paper presents a theoretical approach developed for describing field-emission characteristics of type YBa 2 Cu 3 O 7-y copper-oxide high-T c superconductors in the normal state.
INTRODUCTION
The nature of normal (non-superconductive) state has thus far been one of the significant aspects of HTSC problem in copper-oxide compounds. While in traditional metal superconductors the pattern of Fermi-liquid with a well-distinguished spectrum of quasi-particles near the Fermi surface has been established rather rigorously, in copper-oxide compounds, however, this issue remains debatable due to strong Coulomb correlations. It is generally recognized that an in-detail investigation into the physical pattern of the normal state can well serve as a key to the HTSC theory advancement. Therefore, studying the normal state of copperoxide high-T c superconductors remains quite important. Moreover, the intense interest focused in this area of study has caused a number of 'abnormal' properties to be revealed in the normal state. As that has taken place, it has become obvious that, unlike traditional superconductors with their superconductivity being metal-based, the copper-oxide compounds possess a variety of unusual 'nonmetallic' physical properties. It is also worthy to note that many features of electronic composition of such compounds can be investigated in the normal state already.
Efforts to experimentally investigate the HTSC phenomenon by means of field ion microscopy (FIM), field electron spectroscopy (FES) and microscopy (FEEM) started almost immediately upon the discovery of superconductivity in cuprates [1] . The experience accumulated in previous work by N.N. Syutkin at.al. [2, 3] , G. Kellog at. al. [4, 5] and A. Melmed at. al. [6, 7] has made it possible to successfully utilize field ion microscopy as part of the general test program to investigate the HTSC phenomenon by emission techniques. The next significant achievement in investigating HTSC materials by emission techniques was the application of ultrahigh vacuum field evaporation cleaning onto the emitter surface. In [8] , the field emission spectra of YBa 2 Cu 3 O 6.9 ceramics crystallites have for the first time been investigated after the field evaporation cleaning. Further investigations [9, 10] [11] [12] [13] [14] . These investigation made it possible to obtain field emission images of the cleaned surface of YBa 2 Cu 3 O 7-y monocrystals with various contents of oxygen within a wide range of current density and at various temperatures. During these investigations it has also been proved that current-voltage characteristics of the given HTSC are straight lines in the FowlerNordheim coordinate frame, and the emission spectra, while showing some 'metallic' features, at the same time are characterized by such features as can be intrinsic to these materials only. In terms of the field electron emission theory for traditional metals, the following emission properties of YBa 2 Cu 3 O 6.9 can be regarded as 'abnormal': the great width of high energy edge of emission spectrum ∼0.4 eV at a temperature of 115-300 K, the great total width of the emission spectrum ∼2 eV at normal values of the electric field, for which the total width of emission spectrum W∼1 eV, the maximum of spectra is shifted by 0.2-1.5 eV with regard to the spectrum maximum W, and as the electric field strength grows, there is a shift in the spectrum observed.
In terms of the field emission theory, copper-oxide compounds are rather complicated objects, and the author does not know of any theoretical approach that would reach out of the scope of the isotropic Fermi gas approximation or out of the "isotropic metal BCS-like model" for that matter. On the other hand, analyzing major features of electron composition of such materials, one can reveal the basic properties, which should necessarily be taken into account.
First of all, it is the strong anisotropy of electron properties, which, to a great extent, is of quasitwo-dimensional nature; secondly, it is the small concentration of mobile carriers, which dictate the necessity of adding the theory with screening effects of the external electric field, topographic features of band structure, etc. When considering an electron system for these compounds, it should be noted that the free electron approximation is inapplicable here, which rather complicates the theory and leads to the requirement to use, at least, simplified models in the strong bond approximation.
Therefore, development of HTSC field emission theory, in our opinion, shows the real promise in the theoretical approaches described in [15, 16] , which address investigations of the effects of band structure of transitional metals and semiconductors on their emission properties.
FIELD EMISSION SPECTROSCOPY OF YBa 2 Cu 3 O 7-y IN THE NORMAL STATE
Let us basically outline an approach to the description of field emission characteristics of HTSC compounds and its difference from the field emission theory for traditional metals. Such approach implies the application of general expression for the barrier-transmission probability (without simplifications related to isotropy of the law of dispersion for mobile charge carriers), the allowance for the electric field penetrating into the emitter [17] , and due consideration to the effects of band structure of HTSC's. We are to operate within a model, which represents the emitter surface as a crystallographic plane and the potential energy of electron at the emitter surface in vacuum depends only on the coordinate normal to the barrier. Within the framework of such model it has been shown in [15] that the barrier-transmission probability depends only on the electron energy in vacuum, which is normal to the barrier. Provided that the tangential component of momentum and total energy of electron remain the same during barrier tunneling, that results in the fact that the transmission coefficient for the barrier is described by a function , where is the electron quasi-momentum tangential to the barrier in the HTSC band, is the total electron energy in the HTSC band in a k state calculated from the bottom of band. Within the WKB approximation, the general expression for the transparence coefficient in case of under-barrier state takes the form at
. The complete expression for D can be found in [18] .
In common with many other approaches (see for example [19, 17] ), the band structure of HTSC we can take for a square lattice of dimension a. Penetration of the electric field results in the fact that, according to [17] , the original spectrum of quasi-particles near the emission surface in the HTSC emitter takes the form
where is the energy of itinerant electrons measured from the Fermi level,
δ is the value of the bending of band on the emission surface (we assume it to be positive). The energy, according
to ( [
Formal expression for the emission spectrum can be obtained within the framework of the tunnel Hamiltonian method and be represented as [20, 21] :
Where ( )
is the total energy of emitted electrons calculated from the emitter's electrochemical potential level.
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For the purposes of further calculation, the Eq. (2) is convenient to be transformed by applying integration over the constant energy surface projection ds onto a plane parallel to the emission surface. Fig. 2 shows this area as shadowed. A more detailed description of this method can be found in [16] . Then, for the Eq. (2) we have:
The expression (3) makes it possible not only to investigate the influence of band structure effects on the emission characteristics in the non-interacting system but also to consider various correlation phenomena. At present, there are quite a number of various theories that would, one way or another, address correlations in the electron system of HTSC. As a rule, such studies are aimed at providing an explanation either for the superconductivity phenomenon per se or for the pseudo-gap anomalies or some other abnormal characteristics of HTSC, which would have a characteristic energy scale of a few tens of meV. Our concern, however, is mainly in the 'emission anomalies' with the characteristic energy scale of a few hundred meV (see Introduction). Therefore, it is reasonable to consider the formation of emission spectra without correlations at first. Based on such assumption, the expression for the spectral density will take the form of a delta-function , and (3) will take the form:
It is known that for field emission the barrier-transmission coefficient D << 1. Then, applying the routine simplifying procedure to the barrier-transmission coefficient [18] , we shall have the following:
where
Here, F is the electrical field strength, ,
ε is the permittivity, and
are the tabulated Nordheim functions [18] .
With due consideration given to the band structure effects, further analysis of field emission spectra formation would be possible only if there were given relative orientation of crystallographic axis and the emission surface. 6 Let us note that the majority of YBa 2 Cu 3 O 7-y emission spectroscopy experimental results [11] [12] [13] [14] have been obtained by probing the emission current from the (100) (or (010)) plane.
That is why the [100] direction is of our greatest interest.
Let the normal to the emission surface coincide with a-axis (or b-axis). The relative orientation of the constant energy surface and the potential barrier at the boundary of HTSC emitter/vacuum is shown in Fig. 3 . Then, the projections of constant energy surfaces, tangential to the emission direction, will be represented as rectangle areas of two types (shaded areas in Fig. 4. a) , b). At these projections take the form of a simply connected rectangle domain centered on the point of origin (see Fig. 4 . a). The energy is the energy, at which the constant energy surfaces are open in the [100] direction. It is at the same energy that a van Hove singularity occurs in the density of state. At , the tangential projections are two disconnected rectangle domains (see Fig. 4. b) ). Analysis of nonzero barriertransmission probability Eq. (5) has shown that only the domain bounded by maximum for each makes contribution into the integral over the tangential projection of constant energy. Fig. 4 shows this domain schematically as shaded. Physically, this bound is associated with the fact that electrons in the state with a quasi-momentum tangential projection, which reaches beyond the shaded domain, can not make contribution into the emission process. For such states the tangential energy of electron in vacuum should be greater than its total energy
ε , which contradicts to the electronic selection rule by total energy. Therefore, the condition under consideration distinguishes a surface in the k-space such that the barrier-transmission probability is nonzero only for the states within this surface. The Equation for this surface takes the form:
. And the shape of this surface would depend on both the topographical features of band structure and the orientation to the emission surface. dependence of a value of the bending of band is shown in Fig. 6 b) . Let us consider the features of these spectra. At small F the bending of band, which is due to the field penetration, is such as the electrochemical potential falls within the band (see Fig. 1 ). Accordingly, the high energy edge of the spectrum, or a part of it, is formed by the energy distribution function for electrons thus creating a 'Fermi edge' at . As the strength of electrical field grows, the top of band goes down and at
, the whole band near the emission surface is filled with electrons.
Here
is maximum band energy. As this occurs, the thermodynamic distribution by no mean affects the forming of spectrum. The shape of spectrum in this case is completely determined by the band structure. Topographical features of band structure are such as the exposure of the constant energy surfaces in the [100] direction results in a relative smoothing of the barrier-transmission probability for all band states. Thus electrons, which are in the states with the greatest total energy, have quite large tangential projections of a quasi-momentum . Therefore, unlike the spherically symmetrical band structure typical for metals, the range of emitting states is not determined by the small vicinity of Fermi energy but is distributed practically over the whole band of mobile charge carriers. As this is taking place, the maximum of spectrum is formed by electrons which are not characterized by the highest energy. It should be pointed out that the approach developed in this paper makes it possible to explain the absence of 'Fermi edge' on the experimental spectra without a notion of destruction of Fermi surface by some strong correlations. However, this issue is of fundamental importance in order to establish the nature of the normal state in cuprates. The absence of the Fermi surface may results in the conclusion that the Fermi liquid approach is inadequate to the description of the electron system of copper-oxide, which thus far has been debatable [22] .
A fairly good agreement should be noted between the results obtained and the experimental results described in [23] ; the results agree both in the shape of spectrum and in the value of the spectral shift. Fig. 6 c) shows the calculation results for the width of the high energy edge of the emission spectrum T ∆ (see Fig. 7 ). It is seen that T ∆ amounts to ∼ 0.4 eV, which is in accordance with the experimental data (0.32÷0.38 eV [23] ). Fig. 8 a) shows experimentally obtained function ∆ -the shift of the spectrum of YBa S 2 Cu 3 O 6.9 emitter relative to the Fermi level for a tungsten emitter [23] . The level of 0.67 of the spectrum maximum was used as a reference point for the spectrum on the energy scale (see Fig. 7 ). Assuming the screening length as unknown for this problem and using the data [23] on electrical field calibration, we made an adjusting in order to calculate l [17] . The best result, which corresponded with the experimental data, was obtained at l . The calculated theoretical function is shown in Fig. 8 [17] for more details). However, the most important is the fact that the approach thus developed has made it possible to utilize emission methods for investigation of screening parameters. The author of this paper does not know of alternative direct experimental techniques, which would establish the specific scope of electrical field penetration into cuprates.
Analysis of nonzero barrier-transmission probability has made it possible to obtain approximate analytical expression for emission spectrum of a YBa 2 Cu 3 O 6.9 emitter in the [100] (or [010]) direction, which can be presented in as follows: . Fig. 7 shows the emission spectra, calculated according to Eq. (9) (curve 2) and by means of numerical integration of Eq. (4) (curve 1). As seen from the picture, the approxiame analytical expression (9) serves fairly well to reflect the features of field emission spectrum obtained by more accurate integration. As this takes place, the small amplitude variations are not determinative in emission spectroscopy investigations.
CONCLUSION
Therefore, the elaborated approach to describing of HTSC materials emission characteristics has made it possible to explain almost all 'abnormal' (in terms of the Fowler-Nordheim field emission theory) experimental data on YBa 2 Cu 3 O 6.9 emission spectroscopy in the [100] direction, which have earlier been obtained in [11] [12] [13] [14] 23] experimentally. Let us distinguish the three most important characteristics:
The abnormally great width of the high energy edge of the field emission spectrum is due to the band structure effects in these materials, with the filling to the full of the free carrier band near the emission surface, which, in turn, is caused by the external electrical field penetration
(ii)
The shift of the field emission spectrum is caused by the electric field penetration, which is nonlinear as far as the band structure is taken into account.
(iii) The topographical features of band structure lead to the fact that the total width of field emission spectrum is determined by the width of energy band and amounts, approximately, to 2 eV almost at any electrical field strength at which field emission current is noticeable. 
